INTRODUCTION
============

Urbanization is one of the most important human-induced changes in land use ([@R1], [@R2]), and a well-known consequence of urbanization is the urban heat island (UHI), referring to the phenomenon that cities are typically warmer than the surrounding rural areas ([@R3], [@R4]). The UHI effect has important implications for energy consumption, air quality, and urban ecosystems ([@R5]). It can also synergistically interact with heat waves ([@R6]) and increase morbidity and mortality risks ([@R7]).

The UHI intensity is typically defined as the temperature difference (Δ*T*) between the urban and the surrounding rural areas. This temperature difference can be based on either surface temperature or air temperature. In this study, we define the UHI based on the surface temperature and refer to the UHI as the "surface UHI." An ongoing debate about the surface UHI is whether its spatial variability is controlled by the urban-rural contrast of "imperviousness" or "aerodynamics." The traditional paradigm, reinforced by satellite observations ([@R8], [@R9]), is that the daytime UHI intensity is mainly caused by the urban-rural difference in vegetation cover or the fact that urban areas have higher fractions of impervious surface and, thus, lower rates of evaporative cooling ([@R10]--[@R12]). However, recent work found that spatial variations of daytime UHI intensity across North America were largely explained by variations in the efficiency with which urban and rural areas convect heat from the land surface to the lower atmosphere ([@R13]), which contradicts the traditional paradigm.

The efficiency with which urban and rural areas convect heat from the land surface to the lower atmosphere ([@R13]) is quantified by the so-called aerodynamic resistance, which is mainly controlled by both momentum and thermal roughness lengths ([@R14]). It is important to point out that aerodynamic resistance here refers to the resistance to heat transfer, not momentum transfer. The similarity and dissimilarity between heat and momentum transfer in the lower atmosphere have been extensively studied as reviewed elsewhere ([@R15]). It should also be stressed that, while aerodynamic resistance and roughness lengths are strongly related to urban geometry (e.g., building density), their exact relations are complicated. For example, a denser city, which may seemingly be "rougher," does not necessarily imply a larger momentum roughness length or a smaller aerodynamic resistance ([@R16]).

Given the substantial implication of this debate for UHI mitigation, we examine the attribution method leading to the recent findings, the intrinsic biophysical mechanism (IBM) method ([@R17]). By attributing the UHI intensity to contributions from net radiation, aerodynamic resistance, the Bowen ratio, heat storage, and anthropogenic heat flux, the IBM method assumes that the Bowen ratio is independent of aerodynamic resistance (and also net radiation, heat storage, and anthropogenic heat flux). This independence assumption has been shown to lead to an overestimation of the aerodynamic resistance contribution to surface temperature change by 10 to 25% ([@R18]). In addition, the IBM method tends to underestimate the contributions of net radiation and heat storage during the daytime but overestimate them during the nighttime ([@R19]).

In this study, a new attribution method called the two-resistance mechanism (TRM) method is used ([@R18], [@R19]), which uses the surface resistance (mainly reflecting the control of soil moisture and vegetation cover on evapotranspiration) to replace the Bowen ratio as an attributing variable. We apply the TRM and IBM methods to offline simulations carried out with the Geophysical Fluid Dynamics Laboratory (GFDL) land model LM3 ([@R20], [@R21]) coupled with a newly developed and evaluated urban canopy model (UCM) ([@R22], [@R23]) and identify the controlling factors of spatial variability of daytime surface UHI intensity. Then, we discuss the implications of our study for reconciling the debate and urban heat mitigation.

RESULTS
=======

Attribution of UHIs
-------------------

[Figure 1](#F1){ref-type="fig"} shows the distribution and attribution of summer daytime UHI intensities of 60 cities across North America using the new TRM method under both current (1981 to 2000) and future (2081 to 2100) climates. We find similar modeled UHI intensities and attribution results using two different forcing datasets (Sheffield and GFDL), suggesting that the findings are robust to varying atmospheric input values. It is clear that under both historical and future climates, the dominant contributor to daytime UHI intensity is the urban-rural contrast of surface resistance, which is caused by the less soil moisture and vegetation in urban areas. This is true when we perform the attribution in three climate zones separately (fig. S1). In addition, urban areas reflect more radiation and store more energy, leading to cooling effects (i.e., negative contributions to UHI intensity) in the daytime. The stored energy is subsequently released at night ([@R10]--[@R12]) and contributes to the nighttime UHI effect (fig. S2). We caution that the daytime cooling effect from the increased urban albedo depends on the effective urban and rural albedo values used in the climate model (table S1). The effective urban albedo value further depends on the assumed albedo value of each urban facet and the urban geometry ([@R22], [@R23]) provided by a global dataset ([@R24]).

![Distribution and attribution of summer daytime surface UHIs across North America.\
(**A**) Distribution of simulated surface UHIs across 60 cities using the Sheffield forcing in 1981--2000: continental region (16 cities; blue), arid region (10 cities; yellow), and temperate region (34 cities; green). (**B**) Attribution of surface UHIs in current and future climates to different biophysical factors using the TRM method. $\mathit{R}_{n}^{*}$, *r*~a~, *r*~s~, and *G* represent contributions from net radiation, aerodynamic resistance, surface resistance, and heat storage, respectively. "Total" represents the sum of four contributions.](aau4299-F1){#F1}

Compared to the historical period, the daytime cooling effect of radiation and heat storage is enhanced under future climate (2081 to 2100) as urban areas continue to expand ([Fig. 1](#F1){ref-type="fig"}). The contribution of aerodynamic resistance also increases. This is because in the simulations, the urban geometry (including the building height) is assumed to be invariant with time, but the vegetation dynamically responds to the warming climate. As a result, the aerodynamic resistance of rural areas gradually decreases, which positively contributes to the UHI intensity. Despite the increase in the aerodynamic resistance contribution under future climate, the larger surface resistance of urban areas, again indicating that urban areas have less soil moisture and vegetation cover, remains the most important factor contributing to the daytime UHI intensity.

The impacts of local background climate on UHIs
-----------------------------------------------

The relationship between the daytime Δ*T* and precipitation for the 60 cities across North America is shown in [Fig. 2](#F2){ref-type="fig"}. Similar to the previous study ([@R13]), the annual mean daytime Δ*T* significantly increases with the annual mean precipitation ([Fig. 2A](#F2){ref-type="fig"}), suggesting strong impacts of local background climate on UHIs. When the IBM method is used, the variations of daytime UHI intensity with respect to precipitation are predominately explained by the variations in the efficiency with which urban and rural areas convect heat to the lower atmosphere (i.e., aerodynamic resistance) ([Fig. 2B](#F2){ref-type="fig"}). That is, we reproduce the previous finding ([@R13]) when the IBM method is used, albeit with a vastly different climate model and a different analysis period.

![Relationship between precipitation and modeled daytime Δ*T* among cities.\
The top panels show annual mean results. The bottom panels show summer mean results. (**A** and **D**) The correlation between daytime Δ*T* and precipitation in 1981--2000. Dash lines are linear regression fits to Δ*T* from the climate model (black), Δ*T* from the IBM method (blue), and Δ*T* from the TRM method (red). Parameter bounds for the regression slope are the 95% confidence interval. (**B**, **C**, **E**, and **F**) Δ*T*-precipitation covariance explained by contributions from net radiation ($\mathit{R}_{n}^{*}$), aerodynamic resistance (*r*~a~), the Bowen ratio (β for the IBM method) or surface resistance (*r*~s~ for the TRM method), and heat storage *G*.](aau4299-F2){#F2}

However, when the TRM method is used, the daytime Δ*T*-precipitation covariance is found to be more controlled by the capacity of urban and rural areas to evaporate water (i.e., surface resistance) ([Fig. 2C](#F2){ref-type="fig"}). This implies that the UHI intensity in humid regions is larger because of denser vegetation and more evapotranspiration in rural areas rather than a relatively smoother urban land, as the previous finding ([@R13]) would indicate.

The correlation between the daytime Δ*T* and precipitation is found to be only positive and significant in summer ([Fig. 2D](#F2){ref-type="fig"}), but negative and insignificant in winter (fig. S3). As a result, it is more desirable to examine the seasonal dependence of daytime Δ*T* on precipitation. When the attribution analysis is repeated for summer daytime Δ*T*, the contributions of the Bowen ratio in the IBM method and surface resistance in the TRM method are significantly increased and become the dominant control of the Δ*T*-precipitation covariance ([Fig. 2](#F2){ref-type="fig"}, E and F). This finding holds under both historical and future climates (fig. S4) and is in agreement with the traditional paradigm.

The reason that the IBM method tends to favor the aerodynamic resistance explanation, even when applied to a different model and a different time period, is fundamentally tied to its assumption of independence between the Bowen ratio and aerodynamic resistance ([@R18], [@R19]). This highlights that the attribution of land use/land cover change--induced temperature anomalies requires the attributing variables to be independent of each other; otherwise, the conclusions will be nonunique and depend on the selected attributing variables. In addition, the fact that the IBM method identifies the Bowen ratio as the dominant control of the summer UHI variability but aerodynamic resistance as the dominant control of the annual UHI variability suggests that seasonality should be considered and attribution should be conducted at the appropriate time scale.

DISCUSSION
==========

Accurate attribution of the urban-rural temperature difference to different biophysical factors improves our understanding of local temperature response to urbanization. Quantifying the relative importance of aerodynamics and imperviousness for UHIs is critical for designing urban mitigation and adaptation plans. Here, we demonstrate that spatial variations of daytime UHI intensity are controlled by variations in the capacity of urban and rural areas to evaporate water (i.e., imperviousness) instead of variations in the efficiency with which urban and rural areas convect heat into the lower atmosphere (i.e., aerodynamics). As a result, strategies that aim to enhance the evaporation capability of cities such as green roofs and green infrastructure are recommended.

While our study is focused on the surface UHI, another fundamental difference between imperviousness and aerodynamics is their opposing effects on the near-surface air UHI. Reduced aerodynamic resistance would enhance the efficiency with which the land surface convects heat into the lower atmosphere, thereby leading to a decrease in surface temperature but an increase in near-surface air temperature. On the other hand, decreased imperviousness would simultaneously reduce surface temperature and near-surface air temperature. Therefore, mitigation strategies enhancing the evaporation capability have the cobenefit of reducing the near-surface air UHI.

Given that the UHI is defined as the urban-rural temperature difference, it is also important to understand whether the spatial variation of UHI is induced by those of urban temperature or rural temperature, or a combination of both. Recent work found that the spatial correlation between the UHI and the local background precipitation mainly comes from the rural temperature rather than the urban temperature ([@R25]). Our results are consistent with this finding, as the local background precipitation strongly modulates soil moisture and meteorological conditions such as vapor pressure deficit, which are key factors controlling the surface resistance of rural vegetation ([@R26]).

A few important implications of our results need to be acknowledged. First, we use the subgrid-scale temperature outputs from offline land model simulations to characterize the surface UHI as in the previous study ([@R13]), which neglect the urban-atmosphere feedback. However, given the focus on the biophysical factors contributing to the surface UHI and the low spatial resolution of these simulations, the inclusion of urban-atmosphere feedback will likely not alter our conclusions qualitatively. Second, the simulations rely on the UCM recently implemented into the GFDL earth system model. While the UCM captures many important land surface and hydrological processes in urban areas, including the anthropogenic heat flux from building heating and cooling, it is a relatively simple parameterization of the complex urban system. For example, the anthropogenic heat flux is only implicitly considered, but it has been shown to play a small role in contributing to the daytime UHI intensity at such low spatial resolutions ([@R13], [@R27]). In addition, the impact of irrigation on the UHI intensity is not considered. Last, we stress that when the IBM method is applied to our simulated UHIs, the same finding as that of recent work ([@R13]) is obtained, suggesting that our new finding arises from the use of a new attribution method instead of a different climate model.

MATERIALS AND METHODS
=====================

Model simulations
-----------------

The model used in this study is the GFDL land model LM3 ([@R20], [@R21]) coupled with a newly developed and evaluated UCM ([@R22], [@R23]). The LM3-UCM model is driven by atmospheric forcing from the GFDL earth system model ([@R28]--[@R30]) outputs (the GFDL forcing) or gridded datasets based on observations and reanalysis fields (the Sheffield forcing) ([@R31]). We conducted long-term simulations (from 1700 to 2100) over North America (20°N-55°N and 130°W-60°W), and we focused on the UHIs in the periods of 1981 to 2000 (historical) and 2081 to 2100 (future).

Attribution methods
-------------------

We attributed the UHI intensity to contributions from different biophysical factors (i.e., net radiation, aerodynamic resistance, the Bowen ratio or surface resistance, and heat storage) based on two attribution methods: the IBM method ([@R17]) and the TRM method ([@R18], [@R19]). We separated the analysis into daytime and nighttime. The two models were optimized to reduce the root mean square error of the modeled Δ*T* before the attribution was applied ([@R19]).
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